In the non-cold acclimatized animal, including man, the response to cold exposure is cutaneous vasoconstriction26 which, if sustained, results in cold injury. In contrast, cold acclimatized man, has "cold-induced vasodilation" in his extremities.9 Since the cold acclimatized animal can maintain his foot temperature at or above ambient temperature, despite direct contact with subfreezing surfaces, the presumption is made that he exhibits vasodilation rather than vasoconstriction in such areas as the foot pad. While direct evidence of cutaneous vasodilation in response to cold is lacking in the arctic wolf, indirect evidence lends support to this being the only possible mechanism for supplying heat to the cold exposed extremity. Blood volume in the extremity does not decrease12 but rather actually increases7 in cold exposed feet; and the vascular architecture of the pads provides for shunting of blood to, rather than away from, the exposed surface. 10 The mechanism which regulates the vasodilator response is not known. However, the possibilities include neurohumeral control as well as release of local vasodilator substances. Direct evidence favoring sympathetic vasodilation in the arctic mammal is not available; however, recent studies in the giant petrel of the antarctic indicate that this species is provided with a sympathetic mediated vasodilator response to cold and that this mechanism provides heat to the skin of the foot exposed to freezing temperatures. '8 The present study was designed to evaluate the role of the sympathetic nervous system in cold acclimatization in the arctic wolf. Specifically, the contribution of 286 the adrenergic nerve supply to the extremity experiencing cold stress was evaluated.
Methods
Two adult arctic wolves (Canis lupis) were the subjects of this investigation. They were raised out of doors and then exposed to prevailing temperatures which average 50 C in summer I .V., to evaluate the effects of "denervation hypersensitivity" on the cold exposed of the foot from the cold bath all parameters returned toward the control values within 30 minutes. These data are presented graphically in Figure 3 .
One week following lumbar sympathectomy (Fig. 4 ) control measurements were as follows: rectal temperature 38.6 + 0.30 C; foot pad 31.8 + 0.5°C; heat flux 125 ±--47 watts meter2. Following immersion of the hind foot for a mean time interval of 27 minutes in the cold bath (-31.2 ± 1.00 C) foot pad temperature fell to 13.9 ± 2.0°C and remained at this level throughout the Pad 60 minute experimental period. At the end of the hour of cold exposure the value for the temperature of the foot pad (14. and sympathectomized hind limb. The contralateral hind limb was also immersed and served as a control. The data were analyzed in terms of the mean ± standard error and the statistical significance assessed with the "rT test for paired data.
Results
Prior to sympathectomy, mean rectal temperature during the control period was 37.8 ± 0.40 C; the temperature of the foot pad was 28.9 ± 1..3°C; and heat flux from the foot pad measured 188± 78 watts meter2. ment. The recovery period was similar to those previously described. The effects of cold exposure on toe temperature are compared to the temperature of the contralateral foot pad before and after sympathectomy in Figure 6 to serve as a control regarding the effects of cold exposure to one extremity on temperature changes on the contralateral extermity. Toe temperature during the control period was 26.8 + 1.00 C. Immersion in the cold bath caused toe temperature to drop to -0.7 + 1.40 C in the same time period described for foot and rectal temperatures (Fig. 3) The findings indicate that lumbar sympathectomy in the arctic wolf elevates resting foot and toe pad temperatures and causes them to remain well above those prior to sympathectomy during exposure to extreme cold. Thus, at least superfically, the adrenergic nerve supply to the hind limb serves not to protect the limb from cold exposure but rather to protect the core from excessive loss of total body heat through the cooled extremity. In the presympathectomy study, for example, rectal temperature did not fall significantly during the 60-minute cold exposure period despite the appearance of a trend in that direction. Following sympathectomy, however, rectal temperature did fall significantly, during the same time interval. The two-fold increase in heat flux from the foot probably accounts for this effect of sympathectomy. Whether the higher resting temperature of the sympathectomized foot would protect it from cold injury remains an unproven speculation.
Two possible mechanisms could explain the ability of the cold adapted animal to maintain the temperature of its extremity above the tissue freezing point despite prolonged exposure to a subzero environment. Either additional warm blood is pumped to the cold part or else regional metabolic alterations serve as a protective, heat input mechanism. At present there is little evidence in support of this latter possibility.10 In favor of an augmented blood flow as the causative mechanism are studies which reveal an augmented blood volume in the cold exposed and cold acclimatized extremity of penguins as well as wolves and wolverines.'2"3 The application of a tourniquet proximally causes this cold exposed foot temperature to drop precipitously toward bath temperature.13 Anatomical studies of the vascular supply of these same extremities reveal an architecture which provides a greater distribution of blood flow to surface layers of the foot pads than to deeper tissues.'0 Since cooling of the pad occurs at its surface'0 this dism tribution of blood vessels favors a first line of defense at the point closest to the cold contact, a point that would otherwise sustain cold injury.
The mechanism responsible for the regulation of temperature and blood flow through this subcutaneous vascular plexus in the foot pads remains unclear. "Coldinduced vasodilation" (also referred to as the "hunting reaction" of Lewis17) has been considered an adaptive mechanism in the protection of cold exposed skin surfaces of man24 and the experimental animal. 6 resting blood flow to the hind extremity or its temperature when compared to the contralateral limb. He also reported that lumbar sympathectomy abolished the reactive hyperemia characteristic of recovery of the hind limb from cold exposure. On the basis of these findings he rejected the use of sympathectomy or sympathetic blockade in the treatment of cold injury. In the present study the increase in temperature of the sympathectomized hind foot was still readily apparent two weeks later and, as previously observed,3 the increase in blood flow is apparent many months after sympathectomy. A more recent study of the cold exposed rabbit ear reveals that reactive hyperemia during recovery was not abolished by sympathetic denervation of the part. 25 Cold injury experiments in man7'8'20 and the rabbit4'5'8 indicate that sympathectomy not only increases the percentage of tissue survival by decreasing the extent of tissue necrosis, resolving the associated edema,' and preventing vasospasm, but also alleviates pain2 and has salutory effects on the late sequellae of cold injury. These complications of human cold injury7'8 include peripheral neuropathy, trophic changes in the integument, increased susceptibility to cold, and hyperhydrosis.
Two areas invite speculation: 1 
Summary
The effects of adrenergic denervation upon cold exposure of the hind limb were studied in the arctic wolf. This cold adapted species protects its cold-exposed extremity with an augmented heat input to maintain the most superficial tissues at a temperature level just above freezing. This delicate balance prevents injury while simultaneously minimizing heat loss. Regional adrenergic denervation increases the surface temperature of the hind limb and maintains this temperature elevation during cold exposure of the extremity. This elevation in temperature is accompanied by a significant fall in core temperature, and this combination might conceivably have adverse effects if unsupported by an increased heat production. Cold adaptation does not appear to be mediated through sympathetic vasodilation since sympathetic stimulation with the endogenous catecholamines lowers the temperature and sympathetic blockade raises the temperature of the cold exposed extremity. These findings are analyzed in terms of potential application to cold injury in man.
